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In the comment1 on our previous paper,2 Lundberg and
Persson are concerned with the behavior of metal ion-oxygen
(M–O) distances along the actinoid(III) ion (An(III)) series in an
aqueous solution as they disagree with X-ray determinations
on hydrated crystals. Our article reports molecular dynamics
(MD) simulations using polarizable and non-polarizable force
fields, and it is focused on structural and dynamical differ-
ences obtained comparing the two methods. Extended X-ray
absorption fine structure (EXAFS) data are used to better eval-
uate the simulation results. One important point of their crit-
icism is on the EXAFS data to which our simulation results are
carefully compared (finding a good agreement) as they have
recently discussed in a review paper.3 In particular, their crit-
icism is focused on the ability of the EXAFS spectroscopy to
carefully determine the structural properties of solvated clus-
ters. Here, we better clarify some points focusing in partic-
ular on the results reported for structures with a coordina-
tion number (CN) of 9 having a tricapped trigonal prism (TTP)
structure.
In their comment,1 Lundberg and Persson compare X-
ray diffraction distances of crystals with the ones estimated
by EXAFS and simulations in liquid phase claiming the exis-
tence of important differences that would suggest a misin-
terpretation. We should note that the difference between the
crystallographic and the EXAFS determination is almost negli-
gible for U(III) and it (slightly) increases across the series: for
Cf(III), the difference in Cf–O distance is 0.043 and 0.015 Å
with respect to EXAFS and polarizable MD data, respectively.
Distances obtained for CN = 9 are summarized in Table I.
From simulations, we estimated an uncertainty of 0.02 Å so
differences with respect to X-ray diffraction data are inside
this value. For EXAFS, we can estimate an uncertainty on dis-
tances of about 0.01 Å. X-ray diffraction determinations are
of course very precise, but in the present case, one should
consider two aspects: (i) experiments are carried out on differ-
ent crystal systems, while Lundberg and Persson assumed that
they behave as aqua ions in liquid water and (ii) only for U(III),
Pu(III), and Cm(III), there is more than one crystallographic
structure reported in the literature. Notably, Lundberg and
Persson reported two values for U(III), three for Pu(III), and two
for Cm(III) (see Table I). For U(III) and Cm(III), there is a vari-
ability on the crystallographic distances of 0.016 and 0.006 Å,
which is an indication that reasonable fluctuations should be
in the 0.01-0.02 Å range. Furthermore, temperatures are also
variable among different crystals, ranging from 100 to 293 K as
carefully reported by Apostolidis et al.4 To better evaluate dis-
tance fluctuations that can be obtained by comparing different
crystallographic structures, data reported by Lundberg and
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TABLE I. An–O distances (in Å) for CN = 9 as reported by different theoretical and experimental studies.
EXAFS single EXAFS X-ray Lundberg X-ray original Other EXAFS other
An(III) Pol-MDa shell5 two-shell5 and Persson3 data MD data
U 2.53 (2.50) 2.527 2.50; 2.58 2.521; 2.537 2.509; 2.5954 2.526
Np 2.51 (2.48) 2.509 2.48; 2.56 2.517 2.490; 2.5714 2.506
Pu 2.50 (2.47) 2.490 2.45; 2.55 2.505; 2.507 2.472; 2.5714 2.56b 2.516
2.508 2.476; 2.5747
Am 2.49 (2.45) 2.472 2.43; 2.54 2.503 2.466; 2.5788 2.53c
Cm 2.47 (2.43) 2.455 2.40; 2.53 2.490; 2.484 2.454; 2.5658 2.48d; 2.55e 2.479
2.453; 2.5459 2.52f
Cf 2.45 (2.41) 2.422 2.37; 2.49 2.465 2.422; 2.5504 2.54g 2.4210,11
aMD simulations from polarizable force field from Ref. 2 (see Table II of the same reference for more details and results of Lennard-Jones). We report average
values (for which an uncertainty of ±0.02 Å was estimated) and maximum of An–O radial distribution function (in parentheses).
bDFT-based MD simulations12 with CN = 9. Note that the authors report CN = 8 as more stable with Pu–O = 2.53 Å.
cMD of Pérez-Conesa et al.13 They obtained Am–O = 2.47 Å for CN = 8.
dDFT-based MD.14
ePolarizable MD15 with CN = 8.9.
fNon polarizable MD.14
gMD simulations16 with CN = 8.6. The authors report shorter distances (2.43–2.48 Å) for lower CNs.
Persson for lanthanoid(III) (Ln) ions provide some information.3
By considering only structures with CN = 9, we may estimate
an uncertainty in the 0.03–0.05 Å range. All these consid-
erations should bring to the conclusion that the uncertainty
associated with An–O distances in liquid water is smaller (or
equivalent) than that of different X-ray structures, and discus-
sions on the discrepancy between crystal and liquid structures
must take into account this aspect in a more critical way.
Other experiments and calculations have been carried
out in the past, and we have listed An–O distances for aqua
ions with CN = 9 in Table I for completeness. In particular,
it can be noticed that if one compares the two-shell EXAFS
fits with the detailed X-ray diffraction data, where prismatic
and capped An–O distances are reported separately, it appears
that across the series, the differences between EXAFS and
X-ray values are not sensibly large. Note that other simulations
reported in the literature found An–O distances longer than
X-ray ones, as summarized in Table I. Studies reporting CN = 8
are also present, and they cannot be totally disregarded (see
our previous review17). Another point that should be consid-
ered when comparing with crystal structures is the breaking of
symmetry. The maximum of the An–O radial distribution func-
tion as obtained by polarizable MD simulations gives a mea-
sure of the asymmetry: if one considers a purely symmetric
An–O distribution function (and thus an underlying harmonic
motion), the maximum and the average distance should coin-
cide. As one can notice, there is a difference of 0.03–0.04 Å
which also should be considered when comparing with crystal
structures.
Lundberg and Persson say that “the EXAFS technique
severely underestimates the contribution at larger distances,”
but this is only true at the end of the An(III) series, while
the U(III)–O distance determined by EXAFS is equal to X-
ray values. Note that the correct determination, according
to the comment,1 is obtained for the ion that coordinates at
larger distances, the U(III). In the case of Cf(III), the ion-oxygen
distances are shorter, while the difference between the
EXAFS and X-ray diffraction determinations is larger. This is
clearly an unexplained contradiction. EXAFS sensitivity can-
not change in going from U(III) to Cf(III). The small difference in
An–O distances has to be ascribed to the different behavior of
a crystalline species as compared to an ion dissolved in water.
The difference becomes larger at the end of the series as the
water exchange rate increases along the series. For Cf(III), the
water dynamics is more important and also CN = 8 contributes
in determining the final average distance, as detailed in our
simulations2 and also by previous EXAFS and Monte Carlo
simulation studies.11
Recently, the Ac(III) ion in liquid water has been stud-
ied experimentally.18–20 Ac–O distances are reported in the
2.59–2.68 Å range with CN estimated in the 9–11 range. Lund-
berg and Persson have thus extrapolated from crystal data an
Ac–O distance of 2.56 Å which was compared with the value
reported18 for the aqua ion of 2.63(1) Å with CN = 10.9 ± 0.5.
They say that “the expected Ac–O bond distance would be
2.560 Å meaning that the higher coordination number given
is correct.” We have extrapolated Ac–O distance using EXAFS
(single shell) and polarizable MD results, obtaining 2.59 and
2.64 Å, respectively. Note that Ferrier et al.18 reported a den-
sity functional theory (DFT)-based MD simulation where an
Ac–O distance of 2.689 ± 0.11 Å was found with CN = 9. An
independent simulation study21 provided a distance of 2.65 Å
with CN = 9. These results show that a CN = 9 is possible
even for larger distances. Surely, for Ac(III) hydration, more
experimental and theoretical studies are needed to better elu-
cidate its structure and to have more data on the actinoid(III)
series.
One important feature of ions in water is solvent dynam-
ics which has an impact in resulting structures and observ-
ables. This was largely studied for Ln(III) ions,22,23 and the
picture seems to be similar for An(III).2,24 Both inter- and intra-
shell exchange dynamics play a role in first shell structural
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characterization. First shell water self-exchange was stud-
ied experimentally for Ln(III) ions with rate constant values in
the 0.2-1.19 ns−1 range for the beginning of the series (where
CN = 9 is dominant).25,26 For An(III), unfortunately there are
no experimental data, but simulations found results similar to
Ln(III) series (see Table IV of our paper2). This dynamic behav-
ior is at the basis of a not-negligible asymmetry which must
be considered in the EXAFS data analysis in liquid and which is
less present in crystals. The second important aspect is the
intra-shell exchange. The identified TTP structure in liquid
should not be seen as a static structure like in a crystal: there
is a continuous interchange between prismatic and capped
positions of the same water molecule. A detailed study was
reported for Ln(III) aqua ions.27 These two contributions of
water dynamics are at the basis of the EXAFS fitting which is
carried out starting from the radial distribution functions. In
this way, it is possible to directly account for the position con-
figurational average28–32 in the calculation of the χ(k) signal
instead of calculating several EXAFS signals associated with
different configurations and making an average of the χ(k)
signals a posteriori.
Finally, diffusion coefficients33 and hydration ener-
gies34,35 are also available for An(III) in water. Polarizable MD
simulations have correctly reproduced these data36 and in
particular the non-trivial behavior of diffusion coefficients,
which is related to the situation of highly charged and small
ions in a solvent with high dielectric constant.37 This pro-
vides an additional source, independent of EXAFS measure-
ments, to strengthen the hydration picture resulting from MD
simulations.
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